INTRODUCTION

Generation of superoxide (O 2
• -) and its rapid dismutation to H 2 O 2 occurs continually during normal metabolic processes. However, plasma concentrations of H 2 O 2 are maintained at relatively low levels (≤ 0.25 μM) in normal healthy humans due efficient catalase activity (1 (2) . In vitro studies provide some information on the extent of H 2 O 2 production, for example neutrophil migration to injured tissue sites is reported to generate quantities of H 2 O 2 up to 1000 times greater than the maximum normal plasma concentrations (3) . If such findings are translatable to in vivo levels of local tissue H 2 O 2 then numerous modifications to cellular and plasma proteins may take place during peroxidative pathological conditions leading to amino acid and prosthetic group oxidation. The biological significance of oxidatively modified plasma proteins can be manifested as non-functional, immunogenic and toxic biomolecular entities depending on the nature and extent of modification (4) .
Circulating Hb released from damaged RBCs or chemically modified Hb administered as a Hb-based oxygen carrier (HBOC) or "blood substitute" is highly susceptible to heme iron, heme and heme protein oxidation when exposed to H 2 O 2 rich environments in spite of well established antioxidant and clearance mechanisms (5, 6) . A complex interplay exists between oxidation of heme iron, heme and the heme protein leading to an irreversible loss of Hb . At this point the porphyrin ring may be degraded in a peroxidative cycle as O 2
• -is generated and trapped in the heme pocket (7, 8) . Interestingly, the processes of heme degradation can be enhanced unintentionally when Hb is chemically modified and used as an HBOC, thus the nature of chemical modification greatly influences the geometry of heme and its susceptibility to oxidation and degradation (9 ) in greater than stoichiometric ratios results in the formation of a heme-protein adduct occurring between heme and an unspecified tyrosine (11) .
Additional studies demonstrated that stoichiometric ratios of MbFe 3+ and H 2 O 2 resulted in the formation of oxidized heme or iron chlorine products (12) . Recent advances are being made to identify specific amino acids which may be carrying the stabilized radical (e.g. αTyr42, βTyr35 or βTyr130) and to elucidate the basis of the radical's migration (13) . Nitrone-antibody spin trapping of free radicals existing on amino acids of H 2 O 2 reacted Hb have been analyzed with a combined EPR, Immunostaining/ELISA and mass spectrometry approach. Work in this area successfully identified oxidative stress induced Hb associated amino acid radicals inside RBCs (14) and on extracellular Hb Peroxide mediated oxidative pathway in hemoglobin (αTyr24, αTyr42, αHis20 and βCys93) treated with H 2 O 2 (15) (16) (17) .
In spite of the focused research and development efforts to produce safe and effective HBOCs in recent years, preclinical and clinical experiences have revealed adverse oxidative and nitrosative toxicities that need to yet be fully understood (18) . The nitric oxide (NO)-driven oxidation of the heme iron of the oxygenated forms of HBOCs and their uncontrolled rates of spontaneous oxidation (autoxidation) are undesirable characteristics that clearly compromise the use of these Hbs in vivo. Perhaps more importantly, the tendency of some HBOCs to rapidly undergo redox reactions that result in metHb formation and the production of harmful radicals is potentially a starting point for their oxidative toxicity (6 
EXPERIMENTAL PROCEDURES
Hemoglobin and Sample PreparationHighly purified Hb (HbA 0 ; purity > 99%) was a kind gift of Hemosol, Inc. Canada and stored at _ 80°C The isolation and subsequent extensive purification and functional characteristics of HbA 0 were described previously (7, 19, 20) . H 2 O 2 in a 30% (w/w) solution was purchased from Sigma-Aldrich Chemicals (St. Louis, MO, USA). HbA 0 solutions were prepared in 50 mM potassium phosphate buffer, pH 7.4, at a concentration of 250 μM and treated with H 2 O 2 at concentration ratios of heme to peroxide of 1: 0, 1:1, 1:2.5, 1:5, 1:10 in a total volume of 1 mL at room temperature for 1 hour. In some experiments substoichiometric levels of heme to peroxide (e.g. 1:0.1, 1:0.25 and 1:0.5) were used. In all experiments and after reaction, H 2 O 2 was removed from the samples by buffer exchanging 5 times with equal volumes of 50 mM potassium phosphate, pH 7.4, using 30 kDa cut-off centrifuge tubes (Centricon YM30, Millipore Corporation, Bedford, MA). Samples were kept on ice or stored at _ 80°C until further analysis.
Circular Dichroism -A Jasco J-810 spectropolarimeter (Jasco Inc., Easton, MD) was used to evaluate the CD spectra of untreated and H 2 O 2 treated HbA 0 in the Soret (350-450 nm) and far UV (200-250 nm) CD spectrum. CD spectra in the Soret region were obtained using 100 μM HbA 0 in 100 mM Hepes buffer at pH 6.85, while far UV region spectra were obtained using 20 μM HbA 0 in 50 μM phosphate buffer pH 7.
All measurements were obtained at ambient temperature using a 1 centimeter pathlength cell.
Reverse Phase HPLC -For analytical reverse phase (RP)-HPLC analysis, a Zorbax StableBond 300 C3 250 x 4.6-mm column connected with a 12 x 4.6-mm guard column (Agilent technologies, Palo Alto, CA) was used in a Waters HPLC system consisting of a Waters 626 pump, Waters 2487 dualwavelength detector, and a Waters 600s controller installed with Millenium32 software (Waters Corp., Milford, MA). The running solvent A and B were prepared with 0.1% trifluoroacetic acid dissolved in water or acetonitrile, respectively. The mobile phase gradient was started with 35% solvent B, increased to 37% solvent B in 5 min, to 40% solvent B in 5 min, and to 43% solvent B in 2 min. The concentration of solvent B was maintained at 43% for next 23 min, and then increased to 80% in 5 min. Samples of 10 μL in volume were injected with a mobile phase flow rate set at 1 mL/min at ambient temperature. Absorbance of the eluants was monitored at 280 nm and 400 nm for protein and heme moieties, respectively as described previously (12) .
Semi-preparative RP-HPLC was carried out on the same Waters HPLC system with a VyDac Protein C4 10 x 250 mm column (214TP510) and a mobile phase gradient increased from 35% Solvent B to 42% in 10 min, to 43% in 30 min, to 44% in 25 min, and to 80% in next 5 min. About 1 μmole of H 2 O 2 treated HbA 0 sample in 500 μL was loaded onto the column, and the eluted peaks were collected into fractions at a flow rate of 3 mL/min. Absorbance was monitored at 280 nm and 400 nm for the presence of protein and heme, respectively as previously described (12) .
Capillary RP-HPLC was carried out on a Phenomenex Luna 3 μ C18 column (150 x 0.3 mm) using a UMA Model 600 system from Michrom BioResources (Auburn, CA) for the fractionation of the enzymatically cleaved HbA 0 digest. The gradient of the mobile phase was maintained at 10% solvent B for 5 min, then increased to 50% solvent B in next 60 min with the flow pumped at a rate of 50 μL/min. The absorbance was monitored at 214 nm for peptides and the fractions were collected at two minute intervals with a Spectra/Chrom CF-1 fraction collector (Spectrum Laboratories Inc., Rancho Dominquez, CA).
Enzymatic Digestion of Hemoglobin -HbA 0 samples from the HPLC fractions were denatured with 6 M urea in 0.5 M ammonium bicarbonate buffer, reduced with 10 μL of 100 mM dithiothreitol (DTT) at 50 °C for 60 minutes, and alkylated with 10 μL of 500 mM iodoacetamide for 30 minutes at room temperature.
Samples were reduced and alkylated using DTT and Iodoacetamide followed by the addition of either trypsin (modified sequencing grade, Roche Diagnostics, Indianapolis, IN) or endoproteinase Lys-C (sequencing grade, Roche Diagnostics, Indianapolis, IN) reconstituted in 1% acetic acid. Digested samples were quenched by adding 10 μL of glacial acetic acid and applied to a capillary RP-HPLC for analysis. Fractions were collected and lyophilized followed by addition of 0.01%TFA/0.05% acetic acid prior to LC/MS analysis.
Mass Spectrometry Analysis -The analysis of both intact HbA 0 and HbA 0 digest were performed in the nanospray mode on the QSTAR-XL (Applied Biosystems, Foster City CA) coupled to an LC Packings Capillary HPLC (Dionex, Atlanta GA) and an LCQ DECA Ion-Trap coupled with the Surveyor capillary HPLC (ThermoFinnigan, San Jose, CA) mass spectrometers. Samples were dissolved in 0.01%TFA/0.05% acetic acid prior to column injection. A gradient from 0 to 60% TFA (0.01%)/acetic acid (0.05%) in water and TFA (0.01%)/acetic acid (0.05%) in acetonitrile was used for protein or peptide separation using a C18 100A o column (15cm x 75nm, Vydac, Hesperia, CA).
Mass Spectrometer Parameter Settings -
The QSTAR mass analyzer was optimized with the nano source and operated in positive TOF-MS utilizing the information dependent acquisition (IDA) mode. The source parameters were adjusted with the following settings: declustering potential (DP) 60 V, focusing potential (FP) 250 V, second declustering potential (DP2) 15 V, collision energy (CE) 0 (rolling energy), collision activated gas pressure (CAD) 7 psi, ion release decay (IRD) 6 V, IRD 80.3. Switch criteria were established for ions greater than 150.00 m/z and for ions smaller than 1800.000 m/z with charge state selection set for isolation of +2 and +3 ions. The Ion Trap was optimized with the nanosource with a spray voltage of 2.2 kV and a heated capillary temperature of 180 °C. Ions were isolated with a mass isolation width (m/z) set at 2.0; AGC mode on; activation Q set at 0.25; activation time, 30 ms; and normalized collision energy set to 35% with a default charge set at +2. Scans were generated in both MS/MS and Zoom scan mode of analysis. The tandem mass spectra for all peptide analyses were analyzed using both SEQUEST (ThermoFinnigan) and MASCOT (Matrix Science) algorithms. MS/MS data was further corroborated manually for sequence assignment.
Molecular modeling and graphics -Model building, energy minimization, and calculations of solvent accessible surface area (ASA) and molecular volume were all performed with the CHARMM program (21); the program was also used to prepare the coordinate data for the image files. For the latter, the data was exported as an input file for POV-Ray ray tracing program (www.povray.org), and the resulting files combined and hand edited to produce the images in Figure 7 . The insertion of an added heme into the space between the two α subunits was done in several stages. First, the PDB structure 1GZX was imported into CHARMM and energy minimized with heavy atom restraint forces based on the crystallographic B-factors (1000/B). Next, the heme from the α1 subunit was replicated and translated to the space between residues 128-139 of each α subunit. That heme was then rotated around the axis normal to the plane defined by the backbone atoms (N, Cα, C) of residues 128-139 from both α subunits, and the energy evaluated in 5 deg increments. The added heme was rotated to the minimum energy position, the rest of the Hb complex was rigidly constrained, and this configuration was energy minimized; the constraints preserve the minimized protein coordinates. The constraints were then replaced with the heavy atom restraints, and an additional energy minimization was performed.
In all cases, the energy minimization protocol was 50 steps of the steepest descent algorithm, followed by 300 steps of the adopted basis Newton-Raphson algorithm. The ASA calculations used the Lee and Richards algorithm, with a probe radius of 1.6 Å. Fractional ASA for α residues 128-139 was computed with respect to an extended backbone, similar to a β sheet. Figure 4 shows full scan MS spectra and deconvoluted mass spectra of intact and H 2 O 2 treated HbA 0 . Untreated HbA 0 is shown in Figure 4A and 4B indicating a higher level of ionization resulting from the α subunits when compared to less abundance in the ionization of the β subunits. This finding is consistent with previous reports regarding the observation of less ionization intensity in the β subunits of the HbA 0 molecule when subjected to electrospray ionization (25) . Furthermore, the data compiled in Figure 4 reveals a gradual collapse of the multiply charged ion envelope of HbA 0 as the H 2 O 2 concentration increases, this coupled with ion envelope deconvolution profiles demonstrates findings consistent with data presented in Figure 3 A-D.
RESULTS
Structural analysis by circular dichroism spectrometry -
Identification of modified β chain amino acid residues by LC/MS/MS Analysis -
To evaluate the nature and site-specific oxidative modifications induced by H 2 O 2 reactivity, HbA 0 treated with a 1-10 fold molar excess of H 2 O 2 was separated into fractions by semi-preparative HPLC (data not shown). The major fractions containing protein and AHP components were subjected to tryptic or endoproteinase Lys-C digestions, and the enzymatic digests were analyzed by LC/MS/MS. Alternatively, the tryptic digests were separated into fractions by HPLC so that individual fractions containing only a few peptides could be analyzed more extensively by LC/MS/MS analysis. The examination of critical amino acid residues in the H 2 O 2 treated HbA 0 led to the identification of specific oxidative modifications exclusive to the β globin chains. The locations of these amino acids are also depicted in Figure 8 A-B viewing two different rotational angles of the intact protein (discussed later).
Cysteic acid formation at βCys93 -LC/MS/MS analysis leading to the identification of βCys93 oxidation to cysteic acid is described in detail while the extent of oxidation to several other amino acids is summarized partially in the text and in tabular form.
The LC/MS/MS spectra analysis resulting from the tryptic peptide containing the βCys93 peptide was extensively evaluated for modification of the sequence. Figure 5A shows the TIC of the HPLC collected tryptic digest fraction containing the βCys93 peptide at a RT=32.85 min. Figure 5B shows the full scan MS spectra of doubly and triply charged ions corresponding to the modified βCys93 peptide with a parent mass of 1469.32 [MH] 1+
. MS/MS analysis of the doubly charged ion at m/z=735.27 resulted in the product ion collision induced dissociation (CID) spectra shown in Figure  5C . Identification of the CID spectra and its resulting b and y series ion fragments conclusively identifies the cysteic acid modification at the β Cys93 residue. The presence of fragments y3 (413.11 Da) and y2 (262.13 Da) effectively localize three oxygen atoms (+ 48 Da) to βCys93. Similar findings were observed with molar ratios of heme: H 2 O 2 from 1:1 to 1:10. H 2 O 2 treatment with 1-10 molar additions to HbA 0 resulted in nearly identical amino acid oxidation patterns that include βCys112, βMet55 and βTrp15 in addition to βCys93 shown in Figure 6 (A-B) and summarized versus non-H 2 O 2 treated but digested HbA 0 in Table I . Briefly, oxidation of βCys112 was similarly deduced from the CID spectra following MS/MS analysis of the triply charged ion (m/z=589.9) for the βCys112 peptide resulting in b and y series product ions consistent with cysteic acid at this residue position. 1+ indicating an addition of +16 Da to the theoretical mass for this peptide. MS/MS of the triply charged ion at m/z= 692.24 confirmed the presence of fragments y5 (562.3 Da) and y4 (415.2 Da) consistent with the addition of (+16 Da) to the βMet55 residue. Oxidation of the βMet55 residue was additionally confirmed by analysis of the Lys-C peptide fragment containing this residue.
In contrast to trypsin, Lys-C generates the larger peptide fragment (β18 -β59) (Data not shown). Interesting to note, no other oxidative modifications were found in this segment (β-V 18 NVDEVGGEALGRLLVVYPWTQRFF ESFGDLSTPDAVM 55 GNPK 59 -β) even though this segment contains several amino acids that are theoretically susceptible to oxidation (4) .
Oxidation of βTrp15 to oxyindolyl βTrp15 was confirmed by MS/MS analysis of the trypsin peptide's doubly charged fragment at m/z= 474.7 yielding fragments y3 (406.18 Da) and y2 (204.12 Da) consistent with the addition of (+16 Da) to the βTrp15 residue. The full scan or TOF/MS spectrum also demonstrated ions at m/z= 468.70 m/z= 459.70 and m/z= 936. 41 . Deconvolution of this ionization data is consistent with βTrp15 kynureninyl peptide formation. Furthermore MS/MS analysis of the doubly charged ion at m/z= 468.70 yielded a product ion spectrum consistent with the sequence of the βTrp15 peptide and more specifically the mass of the kynureninyl residue. These data suggest that the apparent collapse source of the β globin chains seen in Figures 2 and 3 following addition of low levels of H 2 O 2 results from oxidative changes to some key reactive amino acids within the β globin chains. Table 2 lists the accessible surface areas for these amino acids that we have documented to be prone to oxidation in the intact protein. It is important to note that as oxidation occurs these values are likely to be altered. Figure 7A shows two peaks in the TIC occurring at 38 min (N-terminal α-globin peptide) and 58 min (N-terminal α-globin peptide cross-linked by heme/porphyrin). MS analysis of the TIC peak occurring at 38 min is shown in Figure  7B to . MS analysis of the TIC peak occurring at a 58 min is shown in Figure 7C and Manual interpretation of the product ion data resulting from the MS/MS analysis performed on the triply charged ion at m/z= 754.65 further corroborate this result. In addition, amino acid analysis was performed on the LC fraction containing this peak. The amino acid composition was in agreement with the mass analysis indicating the sequence to be the alpha chain HbA 0 peptide identified (data not shown).
Identification of heme cross-linking sites
Furthermore, from the LC column the normal hydrophobic position of this peptide elutes at a retention time equal to 38.07 minutes.
Interestingly, when a heme solution was analyzed under the identical conditions used for LC/MS analysis, the heme peak also eluted at 58 minutes (data not shown). This elution time was nearly identical to that of the heme/porphyrin cross-linked α1α2 peptides (FLASVSTVLTSK) indicated in the TIC at 58 minutes. The full-scan spectrum of this peak confirmed the heme identity with an ion observed at m/z = 616.10. Therefore these data suggest oxidative reactions induced by H 2 O 2 may have occurred on the αSer138 peptide segment of the HbA 0 molecule perhaps mediated by reactive heme species forming a more hydrophobic molecule than we observe at m/z = 1252.59. Following repeated database analysis, manual interpretation of the fragment ion data and amino acid compositional data only the αSer138 peptide sequence can be determined. It is therefore suggestive that a heme/porphyrin moiety is cross-linking α globin chain peptides at m/z = 3016.12 [(3016.12 -(1252.59 Da (FLASVSTVLTS*K) x 2) = 510.95] which is eluted at the same time point in the gradient. These data strongly support the notion that the unknown peptide at 58 minutes with a calculated mass of 3016.12 is made of two peptide segments (α128 -α139) and a heme/porphyrin moiety (510.95 Da) with the loss of iron and possibly loss of a water molecule and/or a functional group(s). It is interesting to note that in the peptide m/z= 3016.12 fraction we were unable to detect the usually strong ion observed at m/z = 616 representing heme. This evidence suggests the heme is altered by the H 2 O 2 treatment and no longer ionizable as a result of iron loss and changes in its structure.
Based on the reactive amino acids within the peptide, internal fragment ions identifying loss of αSer138 and each amino acids fractional ASA values within the peptide (Figure 9 A -B) , the αSer138 hydroxyl group appears to be the most probable candidate for reactivity. The likely site of cross-linkage on the heme/porphyrin ring at pH 7.4 is at the two carboxyl groups. Previous work has identified the vinyl groups of heme associated cytochrome b are reactive with thiols via acid catalysis (26) . Therefore from our data it can be concluded that H 2 O 2 treated HbA 0 results in the oxidation of key amino acids within the β subunits, loss of heme pocket helical structure and possible loss of heme. Formation of a heme/porphyrin cross linkage between the two α subunit peptides occurs, however, it is unclear if this linkage occurs as a result of β subunit heme loss, α subunit heme loss, α subunit heme internalization or a combination of all possibilities.
Accessible surface area calculations, molecular graphics and modeling -The protein residue average ASA data shown in Table 2 is fairly consistent with H 2 O 2 the reactivity for the sulfur containing amino acids, Cys and Met; the β subunit Cys and Met are consistently more exposed. For the Trp residues, exposure in the intact protein appears to be a better indicator of H 2 O 2 reactivity. The fractional ASA for residues 128-139 of the α subunits is shown in Figure 9 and indicates high exposure for Ala130, Thr134, and Ser138, with moderate exposure for Thr137 and Lys139, i.e. those flanking Ser138.
The dimensions and volume of the heme ring system were compared to those of the gap between the α subunits, assuming a simple wedge shape for the gap. Preliminary calculations suggested that the gap volume was about twice the heme volume, and that the slot shaped space at the bottom of the gap was large enough to accommodate a heme ring if it were aligned properly. Subsequent model building and energy minimization with an added heme ring confirmed the result; energies and RMS backbone displacement indicated that there was very little perturbation of the protein structure caused by insertion of a heme into the slot. The result of the modeled heme insertion is shown graphically in the bottom panel of Figure 8 . (27, 28) . The mechanism of formation of heme-protein cross-linked Mb and Hb is thought to involve a protein radical (possibly stabilized on a tyrosine residue). Recent observations also suggest that in addition to the proteinbased radical the protonated form of the oxoferryl heme, known to be a highly reactive and radical-like in nature, is required to initiate cross-linking. These reactions are pH dependent and are known to occur at physiological pH and peroxide concentrations (29) . Since neither Mb nor Hb stabilizes this radical on the porphyrin ring it quickly migrates to the globin chain amino acids. Heme to protein cross-links are formed if the Hb undergoes ferric-ferryl redox transition and therefore the presence of heme-protein linkages implies that powerful oxidative reactions have occurred (29) . The results presented in this report documents for the first time the structural consequences of this radical chemistry on individual amino acids and the protein as a whole.
DISCUSSION
Therefore, demonstrating how oxidative changes affect the overall stability and potentially toxicity of cell free Hb.
It is well known that many amino acids of proteins are susceptible to oxidation by various forms of reactive oxygen species (ROS), and that oxidatively modified proteins accumulate during aging process and oxidative stress. Methionine and cysteins residues in proteins are particularly sensitive to oxidation by ROS. However, unlike oxidation of other amino acid residues, the initial oxidation of sulfur containing amino acids generates sulfinic acid which can be reduced back to the sulfhydryl if further irreversible oxidation to cysteic acid does not occur (30) . Our data surprisingly show that both βCys93 and βCys112 were extensively and irreversibly oxidized to cysteic acid in the presence of relatively low levels of H 2 O 2 . Typically much more severe conditions requiring performic acid generated from H 2 O 2 and formic acid are needed in some cases to fully and irreversibly oxidize cysteine residues in proteins and peptides in vitro, while strong physiological acids such as hypochlorus acid (HOCl) released from neutrophils are capable of converting cysteine to cysteic acid (31) . Peroxynitrite (ONOO -), a powerful oxidant in biological systems formed by the diffusion controlled reactions between NO and superoxide anion (O 2
• -) also mediates the oxidation of sulphinic group of both hypotaurine and cysteine sulphinic acid, the main products of cysteine conversion to cysteic acid in mammals (32) . Studies on other nonhemoproteins have previously demonstrated H 2 O 2 oxidation of cysteine to cysteic acid with loss of protein function; such is the case with α1-antitrypsin (33, 34). However, addition of H 2 O 2 at molar concentrations exceeding 1000 times that of the protein appear to be required to induce significant chemical and functional abnormality.
The early work on the effect of H 2 O 2 on the primary structure of oxyHb, reported by Steffek and Thomas (35) using RP-HPLC and tryptic peptide mapping showed that methionine and tryptophan of the β chain of the protein are the primary targets of the H 2 O 2 attack. These effects are mediated by the heme moiety whereas the treatment of apoHb with H 2 O 2 resulted in the modification of histidine and methionine residues in both globin chains demonstrating a necessary role for heme in the process of Hb amino acid oxidation. However, recent advancements in protein and peptide mass specrometry allow for more accurate and reproducible location of amino acid oxidation/modification within the globin chains. Hemoglobin is typically exposed to relatively low levels of H 2 O 2 when in the RBC or free in circulation making our findings relevant to in vivo oxidative states encountered by Hb and support the notion that heme-or heme-protein-based radical formation and transient stabilization is likely required to initiate permanent oxidative modification on the protein. The conversion of critical α-β interface amino acids (βCys93 and βCys112) to cysteic acid and the oxidation of βMet55 to the sulfoxide is critical to the T to R state transition (36, 37) . The exact structural and physiological influence of Trp oxidation in HbA 0 seems to be relatively unknown. Six Trp residues are found in the protein and are relatively inaccessible the exception being βTrp37 (see Table 2 ), which interestingly was not found to be oxidized. It should be noted that βTrp15 exposure is largest for the intact protein, and that βTrp37 only becomes exposed when the native α 2 β 2 tetramer structure is disrupted.
The lack of correlation to exposure suggests the local environment may play more of a role in Trp reactivity.
βTrp15 demonstrated nearly complete oxidation from oxyindolyl to kynureninyl products. Taken together with βTrp15 oxidation the potential for a circulating source for both inflammatory and immunogenic reactions is created (discussed later). This also reveals the possibility for a sequential process of amino acid oxidation occurring as the protein is damaged and unfolds making certain amino acids more accessible to oxidation over time. Moreover, our data consistently demonstrates the same pattern of oxidation at all molar ratios of HbA 0 (heme): H 2 O 2 (1:1 to 1:10) suggesting a programmed oxidative process which may lead to deformation and collapse of the β chain.
Previous studies by Osawa et al (24, 38) have shown that treatment of Mb and some chemically modified Hbs with stoichiometric amounts of H 2 O 2 leads to formation of a protein-bound heme adduct and transformation, in the case of Mb to an oxidase in the presence of a reducing agent (38) . Using HPLC the major fractions with absorption at 220 corresponded to the α and β-chains and the major fraction with absorption at 400nm corresponded to protein-bound heme were initially identified by these investigators. It was shown later with the use of radiolabelled heme that protein-bound heme adducts accounts for 58% of the heme that is altered, whereas 29% of the altered heme is in a non-proteinbound form (39) . Although the structural elucidation of the non-bound iron chlorine product was previously established (12), little is known about the structural basis of H 2 O 2 -mediated heme bound adduct formation in Hb or Mb.
One intriguing finding of this study is the discovery that the heme/porphyrin group was indeed covalently linked to the α1 and α2 globin chain region spanning the peptide (F 128 LASVSTVLTSK 139 ).
We suggest the likely sites of cross-linkage are between Ser138 in the α 1 and α 2 globin chains. Calculations of the volume and dimensions of both a heme group and the wedge shaped gap between the α subunits of the native protein indicates that a single heme and or porphyrin could fit fairly deep into the gap and contact these residues, if properly aligned within the gap (shown in the bottom view of Figure 7 ). There is also enough space for a second heme and or porphyrin within the larger volume of the wedge shaped gap, but only one heme/porphyrin could slip into the space between residues 128-138 of both α subunits. It is difficult at this stage to speculate as to the origin of this heme/porphyrin-like structure and basis of its transfer to the α1 and α2 interfaces. One interesting possibility is that a protective mechanism exists in Hb such as in mammalian peroxidases where covalent crosslinks between heme and the active site of the protein are established to prevent oxidation from auto-catalytically derived peroxides and reactive metabolic products (40) .
Another example of naturally occurring protective covalent heme-protein linkages stems from the recent revelation that α-Hb-stabilizing protein (ASP) in complexing with ferrous alpha subunit functions to stabilize it and inhibit its ability to generate reactive oxygen species during RBCs development. The crystal structure of this ferric α Hb-ASHP complex reveal striking bis-histidyl configuration in which both the proximal and distal histidines coordinate the heme iron atom (41) . It is tempting therefore to speculate that Hb may have evolved similar protective mechanisms to shield its prosthetic group from further degradative processes under extreme oxidative insults
Implications for blood substitutesDevelopment of viable blood substitutes or more commonly know as HBOCs to be used for plasma expansion and oxygen transport has been an active area for research and development in recent years (42) . Decompartmentization of Hb which result in loss of the protein to circulation by renal filtration and the lack of mechanisms for the maintenance of reduced and functional hemes are some of the major challenges that are facing research and development in the field. Chemical and/or genetic stabilization of cell free Hb has successfully resolved the rapid clearance through renal filtration and provided a mechanism for longer persistent time for the protein in circulation. However, preparing a cell-free Hb that achieve all the advantages of intercellular oxygen carriers without reductants and allosteric effectors that are normally packed within the red blood cell has yet to be accomplished. Additionally chemical and/or genetic manipulations have been shown to enhance heme oxidation and oxidative modification of Hb (6, 43) . Recent unpublished data on variously modified cell-free HBOCs have revealed that reactions underlying their oxidative and nitrosative toxicities are intimately linked and are subject to allosteric control. These HBOCs exhibit enhanced rates of autoxidation and nitrite-induced oxidation. The stability of their Hb-NO derivatives varies as a result of the allosteric effects on the extent of formation of pentacoordinate NO-heme geometry by α chains and subsequent oxidation of partner hexacoordinate β chains 1 . We have recently shown that macrophage CD163, a receptor scavenger of Hb is involved in oxidative inactivation and clearance of HBOCs in the presence or absence of haptoglobin. Key amino acids on both the cysteine rich protein, CD163 on one hand and the N-terminal of the Hb -β chain and/or haptoglobin are involved in these interactions (44) . Alteration in the nature of some key amino acids on the surface of Hb as reported here may possibly reduce the clearance of oxidatively damage Hb from circulation.
Evaluation of chemically modified human and bovine Hbs for their immnuogenicity under conditions of anticipated emergency use (i.e. hemorrhagic shock/trauma) at least in the case of early preparations of pyridoxyalted glutaraldehyde polymerized human Hb was found to be immunogenic in dogs (45) . Peptide constructs that were designed to mimic the heme environment of Mb and α and β-chains of Hb were able to carry oxygen but were reported by the same group to trigger no adverse immune response if used for transfusion purposes (46) . More recent clinical trails on the infusion of diaspirin cross-linked Hb in patients enrolled in phase II and Phase III reported the absence of any immnuogenicity to this Hb in humans (47) . It is quite conceivable however, that irreversibly oxidized amino acids on Hb such as those identified here resulting from oxidative challenges of the molecule in vivo may trigger an immune response in the host circulation.
In summary, we report a novel mechanism of HbA 0 decomposition following H 2 O 2 oxidation. A pattern of oxidation to key amino acids of HbA 0 's β globin chains is followed by loss of β globin heme pocket structure and the collapse of the subunit. Stress on the β globin chains appears to cause loss or inversion of the globin chain heme/porphyrin rings with subsequent α globin chain crosslinking. The relevance of our findings may be directly applicable to oxidative states during hemolytic disease, ischemia reperfusion and under circumstances of infusion of HBOCs in patients during traumatic and ischemic conditions. Moreover, future protective antioxidant strategies designed to control HBOC's oxidative toxicities should account for susceptibility of β globin chains to oxidative attack by H 2 O 2 .
Chemically cross-linking the β rather than α subunits to enhance stability and/or site-specifically masking vulnerable amino acids may represent viable options. 5+ at 604.24. The inset is a representation of the porphyrin ring cross-linked to α1Ser138 and α2Ser 138 (grey = carbon, red = oxygen, blue = nitrogen, magenta= R1-C-terminal (FLASVSTVLT) and R2-N-terminal (K), respectively). Structure generated with ISIS ChemDraw and RasMol. 
